surface and variation in surface properties 10, 11 . It is also possible that CENP-A octasomes are more susceptible to loss of H2A-H2B dimers during dilution for AFM, because the crystal structure of the CENP-A octasome shows that it is partially unwrapped relative to H3 octasomes 12 . In agreement with this interpretation, we found that even a 30,000-fold to 60,000-fold molar excess of glutaraldehyde for cross-linking was insufficient to prevent some DNA release from both octasomes and hemisomes (Fig. 1b) , a result that we attribute to sporadic unraveling of nucleosomes. It is also possible that preparation for AFM could cause particles to unravel, even after strong cross-linking. For example, we were able to recover H3 hemisomes reconstituted with Cen4 CDEII DNA from gels, albeit at low concentrations, but we observed only the DNA by AFM, a result suggesting that attachment to a solid surface puts stresses on particles that are not encountered when the particles are in solution. Taken together, these observations indicate that loss of dimers could plausibly account for the height differences that Miell et al. 6 attributed to differential compressibility of particles with virtually identical dimensions.
In summary, we find that hemisomes are consistently much shorter than octasomes are, regardless of differences in histone-variant composition, tail length and DNA sequence. This confirms for reconstituted yeast Cse4 particles what has been previously shown for reconstituted (H3-H4) 2 tetrasomes, archaeal tetrameric nucleosomes and Drosophila and human cenH3 particles isolated by ChIP 1, [3] [4] [5] . Given that the overall dimensions of H3 and CENP-A octasomes are virtually identical on the basis of X-ray crystallography 12 , our truncate all histone tails, we trypsinized H3 and Cse4 cores for 1 or 5 min in 2 M NaCl before reconstitution with various DNAs 2 , dialysis against 4 M urea, fixation and gel purification. We again observed that hemisomes were shorter than octasomes were but detected no difference between Cse4 and H3 octasomes (Fig. 1f-h ). We obtained similar results for Cse4 hemisomes and octasomes prepared on CDEII DNAs (Fig. 1i,j) . Overall, H3 hemisomes (median = 1.26, n = 125) were 39% shorter than were H3 octasomes (median = 2.05, n = 319), and Cse4 hemisomes (median = 1.42, n = 441) were 30% shorter than were Cse4 octasomes (median = 2.02, n = 362) ( Fig. 1k and Supplementary  Fig. 1b) . However, there was no significant overall height difference between Cse4 and H3 octasomes (P > 0.9; Kolmogorov-Smirnov test).
Our inability to detect any difference in height between Cse4 octasomes and H3 octasomes contrasts with measurements suggesting that octasomes reconstituted with human CENP-A and fission-yeast CENP-A Cnp1 are shorter than are their H3 counterparts 6 . Miell et al. 6 reported a median height of 0.96 nm for Schizosaccharomyces pombe octasomes, 41% less than that for those of humans (1.64 nm), and for H3 octasomes the difference was 32% (1.43 versus 2.09 nm). These large differences between particles that should have identical properties and dimensions are equal to or greater than the 22-32% differences between H3 and CENP-A octasomes that led these authors to conclude that they differ in height. What is the basis for these height differences? Possible sources of technical variation include differential compression, differential loss of H2A-H2B dimers, differential adhesion between the AFM tip and the
Miell et al. reply:
Previous studies from the Dalal and Henikoff groups compared atomic force microscopy (AFM) measurements of heights of nucleosomes containing histone H3 and CENP-A from chromatin arrays that had been extracted from human or Drosophila cells and enriched by immunoprecipitation [1] [2] [3] [4] . In each study, CENP-A nucleosomes were observed to be lower in height than were H3 nucleosomes, and the authors concluded that CENP-A nucleosomes are tetrameric hemisomes with one copy of each histone-half the components of regular octameric H3 nucleosomes. To date, the suggestion that CENP-A nucleosomes are hemisomal in vivo remains heavily reliant on AFM data and has proven controversial because it conflicts with several in vitro and in vivo studies demonstrating that CENP-A nucleosomes contain CENP-A dimers and are octameric, as are all other known histone-variant nucleosomes 5 .
We recently presented control analyses that we felt had been omitted from previous studies 6 . Specifically, we hypothesized that the apparently conflicting data for CENP-A-nucleosome height and stoichiometry could be reconciled if octameric CENP-A nucleosomes have a more compacted structure, in keeping with previous deuterium exchange analyses 7 , and thus present a lower height than do octameric H3 nucleosomes in AFM measurements. We therefore prepared CENP-A and H3 nucleosomal arrays in vitro and validated that they were octameric, containing two copies of each histone. Our AFM analysis showed that octameric CENP-A nucleosomes were 21-33% lower in height than H3 nucleosomes. This difference was similar to that observed between CENP-A and H3 nucleosomes in vivo, a result previously interpreted to indicate a hemisomal composition for CENP-A nucleosomes [1] [2] [3] . Thus, our data suggested that it may not be appropriate to use the relative AFM height measurements of H3 and CENP-A nucleosomes as the sole assay by which to infer the stoichiometry of CENP-A nucleosomes. Crucially, our data were consistent with numerous persuasive in vitro and in vivo biochemical analyses demonstrating that CENP-A nucleosomes are actually octameric (described below) and provided an alternative explanation for previous AFM analyses that did not require CENP-A nucleosomes to be hemisomes.
Walkiewicz et al. 8 and Codomo et al. 9 have now also completed these same controls. In contrast to our analyses, they conclude that in vitroassembled CENP-A and H3 nucleosomes do not differ in height. Codomo et al. 9 were further able to assemble hemisome-like CENP-A Cse4 and H3 particles in vitro, which they found to be substantially smaller than were canonical nucleosomes in both cases (also described in ref. 4) .
We suspect that the discrepancy between the relative heights of CENP-A and H3 recombinant co r r e s P o n D e n c e npg nucleosomes in our data and those now provided by Walkiewicz et al. 8 and Codomo et al. 9 are symptomatic of the variability inherent to AFM nucleosome height measurement and thus reinforce our previous conclusion that care must be taken when making inferences about nucleosome stoichiometry from AFM measurements. To illustrate this point, we have collated data from Walkiewicz et al. 8 and Codomo et al. 9 and from several other publications for the median and estimated interquartile range (IQR) of nucleosome heights measured by AFM ( Fig. 1) [1] [2] [3] [4] 6, [8] [9] [10] [11] [12] . When viewed together, the large variations in height measurements for both CENP-A and H3 nucleosomes become strikingly apparent.
In the two H3 recombinant nucleosome samples used by Walkiewicz et al. 8 , most of the heights of human H3 nucleosomes are between 2.1 nm and 2.5 nm, a range of approximately 17% of the average H3-nucleosome height. Similarly, the majority of their CENP-A-nucleosome heights are between 2.15 nm and 2.75 nm, equivalent to about 25% of the average CENP-A-nucleosome height. We note a similar level of variability in our data, with most of the recombinant nucleosome heights recorded within a range that is 21-26% of the median height for H3 and CENP-A nucleosomes, respectively. Codomo et al. 9 observed even greater variation for recombinant Saccharomyces cerevisiae nucleosome heights, with most of the data spread over 33% and 32% of the median H3 and CENP-A Cse4 nucleosome heights, respectively. Thus, even with these highly purified in vitro-assembled samples, there is a broad distribution of heights for both CENP-A and H3 nucleosomes, with estimated IQRs that are equivalent to approximately 20-30% of the median nucleosome height.
For chromatin extracted from cells, this variability in nucleosome height measurements obtained with AFM is noticeably larger. The average height of H3 nucleosomes extracted from human cells spans from 2.4 to 3.25 nm and for CENP-A nucleosomes spans from 1.64 to 2.7 nm. These measurements become even more varied with consideration of seminal AFM data for the heights of H3 nucleosomes, which record estimated median heights of 3.77 nm and even up to 4.5 nm (refs. 10,13). Thus AFM measurements from a number of different laboratories have recorded median heights between 2.4 and 4.5 nm for H3 nucleosomes, a difference of 47%, and yet these data were not interpreted as indicating that H3 nucleosomes have an assortment of different component stoichiometries, as proposed for CENP-A nucleosomes.
In this context, our data are similar to those observed by Walkiewicz et al. 8 and Codomo et al. 9 . Our measurements for the median height of H3 nucleosomes differ from those of Walkiewicz et al. 8 by 8-13% and from those of Codomo et al. 9 by 7%. For CENP-A the differences are greater; our data differ from those of Walkiewicz et al. 8 by 31% and 42% (for unfixed and fixed samples, respectively) and from Codomo et al. 9 by 24% (comparing CENP-A with full-length CENP-A Cse4 ). et al. 8 Codomo et al. 9 Furuyama et al. 4 Miell et al. 6 Bui et al. 12 Yoda et al. 10 Tomschik et al. 11 Bui et al. 3 Dimitriadis et al. 2 Dalal et al. 1 Nucleosome source
In vitro
In vivo In cases in which the median was not explicitly stated, we estimated it from the available data, as detailed in Supplementary Table 1 . Unless otherwise stated, the sample type is that of canonical octameric nucleosomes.
co 4 , the protection of >100 bp implies that CENP-A particles at centromeres are actually octameric. Second, the number of CENP-A-GFP signals in single particles released from human chromatin, as counted by total internal reflection fluorescence microscopy 22 , indicates that the vast majority of particles assayed contain two CENP-A-GFP subunits, regardless of cellcycle stage.
Third, cysteine residues within the C-terminal region of both CENP-A and H3 can be cross-linked in octameric nucleosomes, and in Drosophila S2 cells it has been shown that the majority of nucleosomal CENP-A can be cysteine-cysteine cross-linked as a dimer 19 . This indicates that most CENP-A resides in chromatin with its C terminus in proximity to another CENP-A molecule, and if they are not within octameric particles they must at least be in (CENP-A-H4) 2 tetramers.
Finally, bimolecular fluorescence complementation, fluorescence resonance energy transfer and photobleaching-assisted counting assays demonstrate the presence of at least two CENP-A Cse4 molecules in physical proximity at S. cerevisiae centromeres 23 . From these four studies, the most parsimonious explanation is that, as with H3, the majority of CENP-A is incorporated into octameric nucleosomes.
The Dalal and Henikoff groups have repeatedly used comparisons of CENP-A and H3 nucleosome heights measured with AFM to imply the stoichiometry of CENP-A nucleosomes. We have highlighted here that the measurement of nucleosome height with AFM is prone to variability and inconsistency and therefore cannot be used in isolation to infer nucleosome stoichiometry. Future studies involving AFM nucleosome height measurements must be performed alongside more robust analyses, such as those mentioned above, in order to allow concrete conclusions to be drawn about CENP-Anucleosome composition.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper (doi:10.1038/nsmb.2744).
as compared with measurements in Walkiewicz et al. 8 It is known that, depending on the salt concentration, nucleosomes can aggregate or subunits can dissociate [16] [17] [18] . Moreover, Drosophila CENP-A nucleosomes extracted from cells are more sensitive to higher salt concentrations than are H3 nucleosomes 19 . It would therefore be worth testing whether CENP-A-nucleosome height, as measured by AFM, is more sensitive to changes in salt concentration than is H3-nucleosome height.
In light of the shortcomings of AFM measurements, appropriate controls become critical. Our analyses recorded the height of a large number of nucleosomes, showed the same result with both fixed and unfixed nucleosomes and notably also demonstrated that a mixed population of CENP-A and H3 nucleosomes closely matched the height distributions of an in silico mix of separately recorded heights of CENP-A and H3 nucleosomes. We were also careful to record the height of DNA in each image as an internal control between images. These controls exclude differences in the AFM setup and fluctuations in environmental conditions as explanations for the difference that we observed between heights of CENP-A and H3 nucleosomes. Furthermore, our analyses showed that octameric nucleosomes containing chimeric histone H3 with the CENP-A-targeting domain (CATD) region from CENP-A (H3-CATD) also exhibited a reduced height and therefore demonstrated that the CATD is sufficient to account for the relative reduction in height observed between CENP-A and H3 nucleosomes. Thus, our data are consistent with CENP-A nucleosomes that exhibit distinct, more compact structural properties as reported for chimeric (H3-CATD-H4) 2 tetramers relative to canonical (H3-H4) 2 tetramers 7 .
The discrepancy in reported height difference of CENP-A and H3 nucleosomes between our data and the data now provided by Walkiewicz et al. 8 and Codomo et al. 9 , along with the wide variation observed for nucleosome height measurements in general, highlights the need for other analyses that are distinct from AFM when determining whether CENP-A nucleosomes released from cellular chromatin are hemisomes or octasomes. Indeed, several studies that involved completely different approaches have now tested the hemisome model.
First, in agreement with the octameric CENP-A-nucleosome crystal structure, CENP-A nucleosomes within a neocentromere also protect slightly less DNA than do bulk (H3) nucleosomes 20, 21 . Upon exposure to micrococcal nuclease, size classes of ~150-160, ~120-139 and ~100-119 bp are progressively released from the same particles. Given that hemisomes created artificially wrap However, we note that when Codomo et al. 9 delete the N-terminal tail from CENP-A Cse4 to better mimic human CENP-A nucleosomes, our measurements differ by only 0.16 nm (9%).
Inconsistencies between data collected by different groups are not unusual for AFM measurements of nucleosome height. This is perhaps most clearly demonstrated by comparison of data from Walkiewicz et al. 8 and Codomo et al. 9 for the height of recombinant CENP-A Cse4 nucleosomes (no data are presented by Walkiewicz et al. 8 to allow comparison of S. cerevisiae H3 nucleosomes). Codomo et al. 9 measured a median height of 2.16 nm, whereas Walkiewicz et al. 8 recorded a median height of 2.80 nm for the same nucleosome type, which corresponds to a 30% height difference. Moreover, Henikoff and colleagues 4 recently obtained an estimated median height of 2.67 nm for recombinant S. cerevisiae H3 nucleosomes, results representing a 37% difference from the median height of 1.95 nm reported by the same group (Codomo et al.) . We note that in the same report 4 , the authors measure a median height for CENP-A Cse4 hemisomes that is actually close to that of the octameric particles measured by Codomo et al. (2-8% of the median H3 and CENP-A Cse4 heights). These comparisons highlight the great variability of AFM nucleosome height measurements, even for data collected by the same research group for the same recombinant nucleosome type. Thus, we conclude that the subunit stoichiometry of nucleosomes cannot be inferred from AFM height measurements alone.
The most common reasons given for inconsistency in AFM data are differences in the imaging conditions, such as the force or frequency at which the AFM tip presses down onto the surface, the local humidity (to which AFM measurements are particularly sensitive) or the adsorption of salts by the surface 4, 14, 15 . Such environmental differences are likely to be contributing factors here, too, and may even be accentuating subtle differences between CENP-A and H3 nucleosomes. The data from Walkiewicz et al. 8 show a greater difference from our data in terms of heights of both CENP-A and H3 nucleosomes than do the data of Codomo et al. 9 , thus suggesting that the reason why CENP-A nucleosomes report lower heights in our hands might partly be due to differences in sample preparation. Our samples were typically deposited onto the coated-mica surfaces in 10 mM NaCl and 1 mM EDTA, whereas the samples of Walkiewicz et al. 8 were deposited in PBS (150 mM NaCl) supplemented with 2 mM MgCl 2 . Codomo et al. 9 deposited their samples in just 1 mM EDTA and observed a 7% and 18% reduction in the respective heights of H3 and CENP-A nucleosomes co r r e s P o n D e n c e npg Centromere chromatin: a loose grip on the nucleosome?
To the Editor:
Centromeres are specialized segments of chromosomes that aid in chromosomal segregation after DNA replication. The kinetochore is a protein complex that interacts specifically with the centromere to allow the separation of sister chromosomes into the daughter cells. If the centromere becomes damaged or removed, the chromosomes segregate randomly. This suggests that centromeres contain specific characteristics that allow their selection by kinetochores. However, the structural details of centromeres and the mechanism underlying this recognition process remain unclear. It is known that all centromeric nucleosomes contain modified H3 histones (CENP-A; reviewed in ref. 1 ). An analysis of the CENP-A-nucleosome array by atomic force microscopy (AFM) revealed that CENP-A nucleosomes have a considerably lower height than do regular H3 nucleosomes 2 . The authors therefore suggested that CENP-A nucleosomes consist of one set of each histone (tetrasome) rather than the histone duplicates observed in regular H3 nucleosomes (octasomes). However, subsequent crystallographic data did not confirm this finding 3 , revealing instead that both types of nucleosomes are octameric. The controversy was reconciled in a recent publication by Miell et al. 4 in which a thorough AFM analysis was combined with biochemical tests, showing that CENP-A nucleosomes had a lower height than did H3 nucleosomes and that both were octameric particles. Miell et al. 4 suggest that CENP-A nucleosomes are structurally different from H3 nucleosomes, and this conclusion is in agreement with crystallographic models for both types of nucleosomes 3 . Indeed, terminal DNA segments of CENP-A nucleosomes (13 bp) are detached from the histone core, and this partial unwrapping decreases the volume and hence the height of the nucleosome 5 . The crystallographic data for CENP-A and H3 nucleosomes 3 can be used to generate models for nucleosome arrangements for both types of nucleosomes. The flanking DNA sequences emerging from H3 nucleosomes cross each other at an ~90° angle (Fig. 1a) , whereas in CENP-A nucleosomes the flanking sequences are nearly parallel (~0°) because the wrapped DNA is 26 bp shorter (Fig. 1b) . This arrangement generates the well-known zig-zag model for H3 nucleosomes (Fig. 1c) , whereas CENP-A nucleosomes form a parallel array (Fig. 1d) . The possibility that these nucleosomal arrangements lead to different higher-order structures of centromeric and regular chromatin is a crucial question that needs to be addressed in future studies.
At present, however, additional issues need to be considered. Two recent reports 6, 7 challenge the finding that CENP-A nucleosomes have reduced heights because their analysis of mononucleosomes 6 and arrays 7 made with both types of H3 histones did not reveal a height difference. These studies and the response by Miell et al. 8 provide a number of explanations for these differences, including experimental problems related to use of AFM. The data reported by Miell et al. 4, 8 imply that CENP-A nucleosomes are more dynamic than H3 nucleosomes. To validate this claim, structural studies should be combined with singlemolecule biophysics approaches capable of characterizing dynamic states of biological systems. In this respect, it might be attractive to consider high-speed AFM, which is capable of visualizing structural features at nanometer resolution and which was successfully used to study the dynamics of mononucleosomes 9 .
